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ApoptosisThe mitochondria-shaping protein optic atrophy 1 (OPA1) has genetically distinguishable roles in mitochon-
drial morphology and apoptosis. The latter depends on the presenilin associated rhomboid like (PARL) prote-
ase, essential for the accumulation of a soluble intermembrane space form of OPA1 (IMS-OPA1). Herewe show
that OPA1 and PARL participate in the heat shock response, a stereotypical cellular process of adaptation to
thermal stress. Upon heat shock, long forms of OPA1 are lost andmitochondria fragment. However, mitochon-
drial fusion is dispensable to maintain viability, whereas IMS-OPA1 is required. Upon conditioning—a process
of mild heat shock and recovery—IMS-OPA1 accumulates, OPA1 oligomers increase and mitochondria release
less cytochrome c, ultimately resulting in cellular resistance to subsequent apoptotic inducers. In Parl−/− cells
accumulation of IMS-OPA1 is blunted and conditioning fails to protect from cytochrome c release and apopto-
sis. Thus, the OPA1/PARL dependent pathway of cristae remodeling is implicated in heat shock. This article is
part of a Special Issue entitled: 17th European Bioenergetics Conference (EBEC 2012).
© 2012 Elsevier B.V. Open access under CC BY license.1. Introduction
Mitochondria are versatile and dynamic organelles that play a key role
in the regulation of metabolism, cellular signaling and apoptosis, during
which they release cytochrome c and other cofactors that once in the cyto-
sol contribute to the activation of the effector caspases required to demol-
ish the dying cell [52]. The process of mitochondrial permeabilization is
controlled by the Bcl-2 family of oncogenes: the so called BH3-only mem-
bers (like BID and BIM) transduce private apoptotic signals to the organ-
elle, activating the multidomain proapoptotic proteins of the family (that
include BAX and BAK) responsible for the permeabilization of the outer
mitochondrial membrane. The anti-apoptotic members like BCL-2 itselfssociated protein X; BCL-2, B-cell
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 license.regulate this process, preventing at multiple points the activation of the
proapoptotic multidomains [48].
Morphological and ultrastructural alterations accompany the
recruitment of mitochondria by the cell death pathway, including
fragmentation of the network [17,30] and remodeling of the cristae
[43,54] in order to allow the complete release of cytochrome c. Mito-
chondrial shapes vary depending on the organism, the cellular type,
the metabolic state and the environmental conditions [4]. A growing
family of mitochondria-shaping proteins controls the morphology of
the organelle. In mammals, Fission 1 (FIS1), mitochondrial ﬁssion fac-
tor (MFF) and dynamin related protein 1 (DRP1) regulate mitochon-
drial ﬁssion [24,35,44,55]; mitofusins (MFN) 1 and 2 and optic
atrophy 1 (OPA1) control the fusion process [8,40,41]. Interestingly,
OPA1 has genetically distinguishable functions in mitochondrial fu-
sion and release of cytochrome c during apoptosis [18]. The function
of OPA1 is tightly controlled at the genetic and post-translational
level: OPA1 gene undergoes alternative splicing and the protein is
proteolyzed, leading to the generation of several forms with different
electrophoretic mobilities. Under normal conditions, in most tissues 2
long and 3 short forms of the protein can be distinguished; both long
and short OPA1 are required to maintain mitochondrial fusion [46].
Several proteases have been found to be involved in the generation
of the short forms of OPA1, including the matrix AAA protease para-
plegin and AFGL3 and the intermembrane space AAA protease
YME1 [16,21,23]. Following mitochondrial dysfunction, an additional
cleavage by the ATP independent protease OMA1 inactivates the long
forms of OPA1 leading to an accumulation of short forms of OPA1 [16]
and to segregation of fragmented mitochondria from the network
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the AAA proteases seem also to be the substrate of a mitochondrial
rhomboid protease called presenilin associated rhomboid like
(PARL). PARL was originally discovered in a yeast two hybrid screen-
ing for presenilin interactors. It then turned out to be a mitochondrial
enzyme that in yeast (where it is christened Pcp1p) and in Drosophila
melanogaster cleaves the orthologs of OPA1 [31,32]. Considerable con-
fusion has emerged on the role of PARL, based on our early report that
it is required for the accumulation of a soluble form of the OPA1,
essential for apoptosis but not for mitochondrial fusion [9]. This re-
port ingenerated the idea that the generation of the short forms of
OPA1 depended on PARL (see for example the introduction in
[15,29]). Conversely, we ourselves introduced the possibility that in
analogy with other intramembrane proteolytic cascades such as that
of Notch [53], PARL acts downstream of other protease(s) [9]; despite
our words of caution, the dependence of the accumulation of the sol-
uble form of OPA1 on PARL has been equaled to a broader role for the
protease in the constitutive generation of the short forms of OPA1. In
conclusion, our current understanding of OPA1 cleavage is certainly
increasing, yet several areas remain obscure: for example, it is still
largely unknown how the activity of the different proteases is con-
trolled; whether they operate in parallel or in series (with the re-
markable exception of Parl that seems to operate only on the lower
MW forms of OPA1); which are the domains implicated in substrate
recognition by the proteases, as well as their exact cleavage site in
OPA1. Altogether, these black boxes bamboozle our interpretation of
how these proteases participate in the regulation of mitochondrial
morphology and apoptosis. In particular, in the case of Parl it is
unclear if the proposed role in apoptosis mediated by OPA1 can be ex-
tended to stimuli other than drugs activating the intrinsic pathway of
cell death; and whether it participates in cellular adaptation.
When cells are exposed to stressful stimuli that results in the inhi-
bition of protein synthesis, such as mRNA translation inhibitors and
UV irradiation, mitochondria undergo hyperfusion [50]. During star-
vation a similar process of mitochondrial elongation occurs, and it is
mirrored at the ultrastructural level by an increase in the surface of
the cristae where the ATP synthase oligomerizes to maximize its efﬁ-
ciency; and depends on a signaling cascade triggered by a rise in cy-
clic AMP levels and impinging on Drp1 to cause unopposed
mitochondrial fusion [20]. Exposure to stressful conditions results in
different responses at the cellular level that stereotypically follow a
scheme where the attempt of compensation precedes suicide of the
stressed cell. This paradigm is best evident in the case of ER stress,
when the activation of the unfolded protein response ﬁrst tries to
compensate the organellar damage, then signals the activation of
the apoptotic pathway. Mitochondrial elongation during starvation
(and other stressful conditions) seems to be another example of this
paradigm of compensation/suicide, where changes in the shape of
the organelle regulate the continuum between survival and death of
the cell.
In addition to nutrient availability, cells can respond efﬁciently
also to changes in temperature by activating the so called heat
shock response. In response to thermal stress, cells synthesize and
accumulate heat shock proteins (HSPs), chaperones or proteases
that protect the cell in response to potentially damaging condi-
tions [38]. Of note, chaperones are key in the mitochondrial import
of proteins, highlighting a cross-talk between thermal adaptation
and the organelle [45]. In addition, if the temperature surpasses a du-
ration or intensity threshold, the cell is committed to death, via acti-
vation of the mitochondrial pathway of apoptosis [38]. HSP 27 and
70, two main players in the heat shock response, block apoptosis
also at a post-mitochondrial level, by interacting with cytochrome c
and with the other released cofactor AIF in the cytosol [5,39].
One of the most remarkable aspects of the heat shock response is
that upon transient exposure of cells to mild heat stress, it renders
cells resistant to further cellular insults. This might be linked to theability of overexpressed HSPs to block apoptosis. HSP27 and HSP70,
two main heat shock response proteins, prevent apoptosis at a post-
mitochondrial level, by interacting with cytochrome c and AIF cofac-
tor released in the cytosol [5,38]. HSPs might prevent apoptosis not
only by interfering with the activation of the apoptosome, but also
by interfering with key molecules of the extrinsic pathway such as
DAXX and JNK [38]. Whether HSPs can also interfere with mitochon-
drial permeabilization and release of apoptotic cofactors is still a mat-
ter of debate; in particular, whether mitochondrial changes induced
by heat stress directly participate in the acquisition of cellular resis-
tance against apoptotic stimuli remains unclear [3].
Here we analyzed whether OPA1 participates in the heat shock
response. We show that upon heat shock the antiapoptotic soluble
form of OPA1 accumulates in mitochondria and that this accumula-
tion favors heat stress-induced tolerance against subsequent apopto-
tic cell death. A genetic analysis proved that the rhomboid protease
PARL participates in cellular adaptation to heat shock by impinging
on soluble OPA1. Thus, our data suggest a role for OPA1 in heat
stress-induced cytoprotection against apoptotic stimuli.
2. Methods
2.1. Cell culture
Mouse embryonicﬁbroblasts (MEFs) of the indicated genotypewere
cultured at 37 °C in 5% CO2 as previously described [20]. For heat shock
treatment, cells were brought to a conﬂuence of around 85% at 37 °C
and then cultures in a 5% CO2 incubator at 42 °C (for mild heat stress)
or at 45 °C (for severe heat stress) for the time indicated. For condition-
ing, cells were exposed to mild heat shock followed by recovery at
37 °C.
2.2. Mitochondrial morphology analysis
8×104 MEFs were seeded in plastic dishes containing a glass cov-
erslip. After 24 h cells were transfected with mitochondrial yellow
ﬂuorescent protein (mtYFP) for imaging of live cells or immuno-
stained with a FITC-conjugated anti TOM20 antibody. Heat shock
treatment of cells started 20 h post-transfection. Images of mtYFP or
FITC were acquired using a Leica TCS SP5 inverted confocal micro-
scope equipped with a 63×, 1.3 NA PLANApo objective (Leica) using
the appropriate excitation lasers and emission ﬁlters, as previously
described [20]. Morphometric analysis was performed as previously
described [8].
2.3. Cell viability assays
1.2×105 MEF cells were seeded in 12 well plastic plates, after 24 h
cells were exposed to heat shock treatment for the indicated time
points (42 °C for mild heat shock; 45 °C for severe heat shock) and
cell viability was determined by ﬂow cytometry. For co-transfection
experiments, 7×104 MEFs were seeded on plastic 12-well plates,
after 18 h of growth cells were co-transfected with Transfectin
(Biorad) and 24 h post transfection cell viability was determined by
ﬂow cytometry. Cells were harvested and stained with propidium
iodide (PI) and Annexin-V-FITC (Bender) according to manufacturer's
protocol. Flow cytometry analyses were performed using a FACS
Calibur cytometer (Becton-Dickinson). Viability was measured as
the percentage Annexin-V, PI negative cells.
2.4. Mitochondrial biochemistry
Mitochondria were isolated from MEFs by differential centrifuga-
tion as described previously [19]. For sub-fractionation of mitochon-
dria, isolated mitochondria were hypotonically swollen in 10 mM
KPi (pH 7.4), centrifuged for 10 min at 12,000×g and the pellet
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in the pooled supernatant fractions were precipitated with 10% TCA.
Soluble and membrane associated mitochondrial proteins were con-
tained in the supernatant fraction and the pellet fraction contained
membrane integrated proteins. Samples were solubilized in loading
buffer, resolved by SDS-PAGE and analyzed by Western blot.
Cytochrome c release and BAK crosslinking in response to recom-
binant cBid were measured as described previously [42].3. Results
3.1. Reversible fragmentation of the mitochondrial network in mouse
embryonic ﬁbroblasts (MEFs) exposed to heat shock
In order to address if changes in mitochondrial shape participate
in the cellular response to heat shock we ﬁrst decided to inspect the
morphology of the mitochondrial network after exposure of cells to
heat stress. Following exposure of wild type MEFs to mild heat
shock (42 °C), confocal microscopy of the outer mitochondrial mem-
brane protein TOM20 in ﬁxed cells and of mitochondrial YFP in live
cells (not shown) showed consistent mitochondrial network frag-
mentation whose extent was dependent on the time of heat treat-
ment (Fig. 1A and B). Interestingly, fragmentation was reversible, as
indicated by the recovery of elongated morphology upon return of
the cells to normal growth temperature (Fig. 1B). To understand the
molecular mechanism behind mitochondrial fragmentation induced
by heat shock, we compared by immunoblotting the levels of mito-
chondrial shaping proteins in wild type MEFs grown at normal tem-
perature with those retrieved in MEFs exposed to mild heat shock.
Efﬁcient induction of the heat shock response, as indicated by the
upregulation of the cytosolic chaperone Hsp27 [5] did not result inFig. 1.Mild heat shock causes changes in OPA1 electrophoretic mobility and induces mitoch
37 °C or exposed to the indicated temperature for 4 h, ﬁxed and immunostained against the
heat shock. Cells expressing mtYFP were exposed to the indicated temperatures for the indic
ﬂuorescence were acquired, stored and classiﬁed. Data represent ±SE of 3 independent exp
for the indicated times (C) or exposed to heat shock (HS, 42 °C for 3 h) or to heat shock follow
using the indicated antibodies. (E–F) Equal amounts (25 μg) of proteins from wild type MEF
conditioning (R, 42 °C for 3 h followed by 6 h at 37 °C) or (E) treated with increasing (0.1, 0
blotted using the indicated antibodies.an increase in the mitochondrial ﬁssion proteins, FIS1 and DRP1 or
of the mitochondrial fusion protein MFN1 (Fig. 1C). Marked diffe-
rences were observed however upon inspection of the levels and
electrophoretic pattern of the mitochondrial fusion protein OPA1. As
a consequence of the alternative splicing of the Opa1 gene, and of pro-
teolytic processing of the OPA1 protein, two long and three short
forms of OPA1 can be retrieved upon immunoblotting of MEFs lysates
[1] (Fig. 1C). Following heat treatment, short forms of OPA1 accumu-
lated, concomitant with the disappearance of the long ones (Fig. 1C).
These changes in the pattern of OPA1 electrophoretic mobility were
reversible when cells returned to normal growth temperature
(Fig. 1D and E) and were clearly different from the accumulation of
cleaved products observed upon mitochondrial depolarization in-
duced by the uncoupler FCCP (Fig. 1E) or after mitochondrial damage
by increasing concentrations of the oxidant hydrogen peroxide
(Fig. 1F) [14]. Indeed, we could not appreciate any loss in mitochon-
drial membrane potential mild heat shock, as measured by the poten-
tiometric dye tetramethyl rhodamine methyl ester (TMRM). In
conclusion, our experiments indicate that mitochondrial morphology
is reversibly modulated during mild heat shock and this correlates
with changes in the forms of OPA1, with unbalance between long
and short forms of the protein that are both required for efﬁcient
mitochondrial fusion [13,47].3.2. Intermembrane space, soluble OPA1 is required to protect cells from
death by heat shock
OPA1 functions in mitochondrial morphology and in apoptosis can
be genetically distinguished: while fusion driven by OPA1 requires
the outer membrane mitofusin 1 [8], regulation of cristae remodeling
and cytochrome c release depends on PARL [9,18], a rhomboidondrial fragmentation. (A) Representative confocal images of wild type MEFs grown at
mitochondrial marker TOM20. (B) Morphometric analysis of mitochondrial shape upon
ated times and confocal images were acquired. Three hundred random images of mtYFP
eriments. (C–D) Equal amounts (25 μg) of proteins from wild type MEFs grown at 42 °C
ed by recovery (R, 37 °C for 6 h) (D) were analyzed by SDS-PAGE and immunoblotting
s treated where indicated with 2 μM FCCP, subjected to heat shock (HS, 42 °C for 6 h) or
.25, 0.5 and 1 mM) concentrations of H2O2 were separated by SDS-PAGE and immuno-
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wondered whether the changes in OPA1 forms upon heat shock not
only caused mitochondrial fragmentation, but it also impacted on
cell death. When we compared viability of wild type (wt) and
Opa1−/− MEFs exposed to mild heat shock (42 °C), we could not
detect any death for up to 8 h (not shown). We therefore decided to
turn to severe heat shock (45 °C), upon which we could also observe
an increase in the levels of HSP27, cleavage of OPA1 and at later time
points cleavage of the caspase substrate PARP [11], as testiﬁed by the
disappearance of its long form, in both wt and Parl−/−MEFs (Fig. 2A).
A more detailed analysis of the forms of OPA1 that were lost upon severe
heat shock revealed that the long formswere lost as early as after 60 min
after heat shock in both wt and Parl−/− MEFs (not shown). These
changes were accompanied by mitochondrial fragmentation and aggre-
gation, as testiﬁed by the confocal imaging of themitochondrial network
labeled with a mitochondrially targeted YFP (Fig. 2B). Opa1−/− cells
resulted more sensitive than their corresponding wild type counterparts
to severe heat shock (Fig. 3A). To address if the observed sensitivity to
heat stress was amere consequence of the increasedmitochondrial frag-
mentation of Opa1−/−MEFs [45,46], wemeasured the sensitivity to heat
shock of Mfn1−/− MEFs where mitochondria are also fragmented [7,8].
As opposed to Opa1−/− MEFs, Mfn1−/− cells were even less sensitive
than their wt counterpart to heat treatment (Fig. 3B), indicating that a
fragmented mitochondrial network does not per se sensitize to heat
shock. We therefore tested whether the increased sensitivity to cell
death upon severe heat of the Opa1−/− MEFs was related to the anti-
apoptotic function of OPA1, that resides in the small soluble form of the
protein. To this end we turned to Parl−/− MEFs that fully recapitulated
the enhanced sensitivity to heat stress of the Opa1−/− MEFs (Fig. 3C).
To verify if the enhanced sensitivity to heat treatment of Parl−/− MEFs
was a consequence of the reduced production of soluble OPA1, weFig. 2. Severe heat stress causes mitochondrial fragmentation and OPA1 cleavage. (A)
Equal amounts (25 μg) of proteins from MEFs of the indicated genotype grown at
45 °C for the indicated times were separated by SDS-PAGE and immunoblotted using
the indicated antibodies. (B) Representative confocal images of wild type MEFs trans-
fected with mtYFP and after 24 h grown at 45 °C for the indicated time.
Fig. 3. Lack of OPA1 and PARL increases sensitivity to severe heat shock. (A–C)MEFs of the
indicated genotypewere exposed to heat shock (45 °C) and at the indicated times viability
was determined cytoﬂuorometrically as the percent of Annexin-V-Fluos, PI negative cells.
(D)MEFs of the indicated genotypeswere co-transfectedwith GFP and the indicated plas-
mids and exposed to severe heat shock. At the indicated times viability was determined
cytoﬂuorometrically as the percent of GFP-possitive, Annexin-V-Alexa568 negative cells.complemented them with the soluble form of OPA1 (IMS-OPA1) [23].
IMS-OPA1 fully corrected the increased sensitivity to cell death induced
by heat shock of Parl−/−MEFs (Fig. 3D). Our data indicate that upon se-
vere heat shock, short, soluble OPA1 plays a crucial role in the protection
fromcell death, suggesting a role for theOPA1/PARL antiapoptotic couple
also in this form of cell death.
3.3. Heat shock induces the PARL dependent accumulation of
soluble OPA1
We next asked whether during thermal stress the soluble form of
OPA1 accumulates in a PARL dependent fashion. First, we noticed that
upon mild heat shock (42 °C) the lack of PARL did not affect the heat
shock response, as judged by the efﬁcient accumulation of HSP27. In ad-
dition, cleavage to lowermolecularweight forms of OPA1was as efﬁcient
as in wild type cells (Fig. 4A). We then followed the accumulation of sol-
uble OPA1 in themitochondrial intermembrane space [9]. After exposure
of MEFs to heat shock, the soluble form of OPA1 accumulated in wt but
not in Parl−/− MEFs (Fig. 4B and quantiﬁcation in C). Lower levels of
the endogenous soluble form of OPA1 in Parl−/−mitochondria do not re-
sult from overall reduced levels of endogenous mitochondrial proteins,
since levels of other mitochondrial protein markers were comparable
inwild type and Parl−/−mitochondria (Fig. 4A). The reduced production
of soluble OPA1 in Parl−/− MEFs was not associated with increased
Fig. 4. Accumulation of soluble OPA1 upon mild heat shock depends on PARL. (A) Equal amounts (25 μg) of proteins from MEFs of the indicated genotype exposed to mild heat
stress (42 °C) for the indicated time points were analyzed by SDS-PAGE and immunoblotting using the indicated antibodies. (B) Equal amounts of mitochondria (50 μg) isolated
from cells of the indicated genotype, grown at 37 °C (−−) or at 42 °C (HS) for 4 h, were fractionated into a soluble (sn) and a membrane integral protein fraction (p). The obtained
fractions were analyzed by SDS-PAGE and immunoblotting using the indicated antibodies. (C) Densitometric analysis of levels of soluble OPA1. Experiments were performed as in
(B). Data represent average±SE of 4 independent experiments. (D) Representative confocal images of MEFs of the indicated genotype immunostained for mitochondrial TOM20.
Where indicated, cells were grown at 42 °C for 4 h. (E) Morphometric analysis of mitochondrial shape upon heat shock. Experiments are as in D. Three hundred random images of
TOM20 ﬂuorescence were acquired, stored and classiﬁed. Data represent ±SE of 3 independent experiments.
Fig. 5. Increased levels of OPA1 oligomers upon mild heat shock. (A) Equal amounts of
mitochondria isolated from wt MEFs grown at 42 °C for the indicated time points were
treated as indicated, solubilized in loading buffer, analyzed by SDS-PAGE and immuno-
blotted using an anti OPA1 antibody. (B) Equal amounts of mitochondria isolated from
wt MEFs grown at 42 °C for 4 h (HS) or at 42 °C for 4 h followed by 3 h at 37 °C (R)
were solubilized, separated by BN-PAGE and immunoblotted using the indicated
antibodies.
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fragmentation of mitochondrial network also in Parl−/− MEFs (Fig. 4D
and quantiﬁcation in E). On the other hand, Parl−/− MEFs were more
sensitive to heat shock, as indicated by their increased death after expo-
sure to severe heat stress (45 °C, see Fig. 3). In conclusion, during heat
shock cells accumulate the soluble form of OPA1 in mitochondria and
this correlates with enhanced resistance to cell death.
3.4. PARL is required for conditioning upon heat shock
The accumulation of soluble OPA1 during thermal stress could re-
sult in the enhanced formation of OPA1 oligomers that regulate cris-
tae junctions and cytochrome c release [18,54]. We wondered
whether heat-shock induced accumulation of soluble OPA1 might
participate in the process of cellular conditioning, i.e. the acquisition
of cellular resistance to subsequent damaging insults obtained by
the exposure of cells to mild heat shock followed by their return to
growth at normal temperature [38]. Therefore, we ﬁrst veriﬁed the
status of the OPA1 oligomers in mitochondria from cells exposed to
mild heat shock as well as to thermal conditioning. Levels of OPA1
oligomers detected by cross-linking (Fig. 5A) and by blue native
PAGE (Fig. 5B) were increased in mitochondria after exposure of
cells to thermal stress as well as to thermal conditioning. To address
if this increase in OPA1 oligomers could correlate with enhanced cel-
lular resistance to apoptotic cell death, we turned again to wild type
and Parl−/− MEFs where we could observe that upon heat shock
and thermal conditioning, accumulation of lower molecular weight
forms of OPA1 was delayed in Parl−/− MEFs (Fig. 6A). Interestingly,
in wild type cells thermal conditioning induced higher accumulation
of soluble OPA1 than heat shock alone, whereas soluble OPA1 was
almost undetectable in conditioned Parl−/− MEFs (Fig. 6B and quan-
tiﬁcation in C), at least in the time frame studied. We were thereforein a position to genetically test the role of this soluble OPA1 in the
process of conditioning. Generation of soluble OPA1 by PARL partici-
pates in the control of cytochrome c release during apoptosis [9,18].
We therefore compared the rate of cytochrome c release in response
to recombinant caspase 8 cleaved BID (cBID) in mitochondria puriﬁed
from conditioned wild type and Parl−/− MEFs. Thermal conditioning
of cells leads to a reduced release of cytochrome c from wild type
but not from Parl−/− mitochondria (Fig. 6D). This difference did not
result from an impaired activation of multidomain proapoptotic pro-
teins, as testiﬁed by the similar rate of Bak activation upon cBID treat-
ment (Fig. 6E). Thus, PARL is required for the protection against
cytochrome c release observed in mitochondria isolated from cells ex-
posed to mild heat shock. When we compared the rate of cell death
induced by secondary apoptotic stimuli in wild type and Parl−/−
Fig. 6. Heat shock mediated conditioning requires PARL. (A) Equal amounts (25 μg) of proteins fromMEFs of the indicated genotype exposed to mild heat stress (HS; 42 °C 4 h) or to
conditioning treatment (R; 3 h at 42 °C followed by 6 h at 37 °C) were analyzed by SDS-PAGE and immunoblotted using the indicated antibodies. (B) Equal amount of mitochondria
(50 μg) from control, heat shocked (HS) and conditioned (R) cells were fractionated into a soluble and membrane associated protein fraction (sn) and a membrane integral protein
fraction (p). The obtained fractions were analyzed by SDS-PAGE and immunoblotted using the indicated antibodies. (C) Densitometric analysis of levels of soluble OPA1. Experi-
ments were performed as in (B). Data represent average±SE of 3 independent experiments. (D) Mitochondria were isolated from MEFs of the indicated genotype grown at
37 °C or conditioned (R, 3 h at 42 °C followed by 6 h at 37 °C). Equal amounts of isolated mitochondria (0.5 mg/ml) were treated with 30 pmol/mg cBID for the indicated times
and the amount of cytochrome c present in the supernatant and pellet fraction was determined. Data represent ±SE of four independent experiments. (E) Mitochondria were iso-
lated fromMEFs of the indicated genotype grown at 37 °C (−−), subjected to heat shock (HS, 3 h at 42 °C) or conditioned (R, 3 h at 42 °C followed by 6 h at 37 °C). Equal amounts of
isolated mitochondria (0.5 mg/ml) were treated with 30 pmol/mg cBID for the indicated times, crosslinked using 1 mM BMH, dissolved in loading buffer, separated by SDS-PAGE
and immunoblotted using the indicated antibody. (F) MEFs of the indicated genotype were conditioned (3 h at 42 °C followed by 6 h at 37 °C) and then treated for 6 h with
staurosporine (2 μM) or for 48 h with etoposide (2 μM). Cell viability was measured by ﬂow cytometry as a percent of Annexin/PI negative staining of cells.
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stress induced acquisition of cellular tolerance to intrinsic apoptotic
stimuli such as staurosporine and etoposide (Fig. 6F). Altogether our
results indicate that, the delayed release of cytochrome c upon apo-
ptotic stimuli and the enhanced resistance to apoptotic death of
wild type cells conditioned with thermal stress correlate with the
ability of the organelle to accumulate soluble OPA1, that participates
in the control of cristae remodeling and cytochrome c release.
4. Discussion
In this study we show a role for OPA1 and PARL in the regulation
of the response of the cells to heat shock. Several lines of evidence
indicate that production of soluble OPA1 by PARL is required to pro-
tect cells from severe thermal stress and to render them resistant to
a secondary apoptotic insult: (i) during thermal stress mitochondria
fragment as a consequence of OPA1 cleavage; (ii) cells lacking Opa1
and Parl, but not Mfn1, are more susceptible to thermal stress; (iii)
Parl−/− cells do not accumulate soluble OPA1 during heat shock and
a soluble OPA1 can complement their death defect; (iv) upon condi-
tioning by mild heat shock, the accumulation of soluble OPA1 results
in increased OPA1 oligomerization, resistance to cytochrome c release
and to secondary apoptosis that are all abolished in cells lacking Parl.
Thus, our data extend the role of mitochondrial morphology to the
regulation of heat shock response and indicate that this depends on
the antiapoptotic function of the OPA1–PARL couple.
OPA1, mutated in dominant optic atrophy [2,12], is a multifaceted
mitochondria-shaping protein that has genetically distinguishablefunctions in apoptosis [9,18,28,34] and in mitochondrial fusion [8].
The complexity of its function is reﬂected by the existence of 8 alter-
native splice variants [1] and of several proteases that participate in
its post-translational processing [49]. OPA1 seems to undergo at
least three types of proteolyses after removal of the mitochondrial
import sequence: a ﬁrst one that generates the so called “short
OPA1” from the protein once it has been imported into mitochondria,
that depends on AAA proteases of the inner membrane or of the ma-
trix [16,21,23,47]; a second type that is induced in stress conditions
and depends on the metalloprotease Oma1 [16,29]; and a third cleav-
age that represents the evolutionary remnant of the cleavage of
Mgm1p, the yeast homolog of OPA1. Production of short Mgm1p in
Saccharomyces cerevisiae depends on the rhomboid protease Pcp1p
[32]; however, as mentioned above, OPA1 is processed by other pro-
teases and PARL, the mammalian homolog of Pcp1p, intervenes on
the already short form of the protein to stabilize a minor, soluble
form that is required for the antiapoptotic function of OPA1 [9]. This
original discovery has been interpreted as if PARL was responsible
for the production of short OPA1. However, it appears clear from
our previous study that PARL participates in the production of soluble,
rather than short OPA1; and that the soluble OPA1 is generated from
its short, already processed form [9,37]. Interestingly, levels of OPA1
seem to be variable in Parl−/− MEFs (see for example Figs. 4 and 6).
We had previously appreciated this variability and underwent a quanti-
tative analysis of total OPA1 levels in cells where Parl had been ablated,
without however ﬁnding any statistically signiﬁcant difference [9,18].
Moreover, the enhanced apoptosis of Parl−/− MEFs can be corrected
only by IMS-OPA1 and not by the overexpression of OPA1 per se,
1892 L.K. Sanjuán Szklarz, L. Scorrano / Biochimica et Biophysica Acta 1817 (2012) 1886–1893reinforcing the concept that levels of OPA1 are not crucial for the apo-
ptotic defect observed in the absenceof Parl. Our current study lends fur-
ther support to the notion that accumulation of IMS-OPA1 requires PARL
and that this soluble form of the protein participates in the regulation of
apoptosis.
Changes in the electrophoretic mobility of OPA1 are not exclusive-
ly found in response to heat stress: rapidly upon exposure of cells to
multiple stimuli, OPA1 forms change to mediate mitochondrial elon-
gation [50]; chronic inhibition of mitochondrial ﬁssion also results
in changes in OPA1 forms [33], a possible explanation for the ob-
served increase in cristae surface during the inhibition of DRP1
upon autophagy [20]. In response to mitochondrial dysfunction,
OPA1 is proteolyzed to segregate dysfunctional organelles, impairing
their fusion with the remaining chondriome [51]. These changes are
however different from what we observed during heat shock, and
most importantly during conditioning (exposure to mild heat shock
followed by recovery), when OPA1 cleavage is followed by PARL me-
diated accumulation of soluble OPA1. Our data indicate that this com-
plex process of multiple cleavage results in the accumulation of OPA1
oligomer and in the inhibition of cytochrome c release and cell death.
Conditioning by thermal stress has been extensively studied and
several reports indicate that the apoptotic resistance gained by condi-
tioned cells occurs at a post-mitochondrial level [5] or by blocking the
activation of the core mitochondrial pathway controlled by BCL-2
family members [22]. Here we identify an intrinsic mitochondrial re-
sistance mechanism that relies on the control of cytochrome c release
by OPA1, independently of BCL-2 family members whose activation is
not affected in the mitochondria isolated from conditioned cells.
A key question is whether the regulation of OPA1 during heat shock
occurs only at the posttranslational level, or it is also transcriptional.
When we measured total mRNA levels of OPA1 after mild heat shock
we could not detect any increase (if anything, OPA1 levels seemed to
be decreased, not shown). It is therefore unlikely that OPA1 is a heat
shock protein in a classic way, i.e. whose levels are regulated by heat
shock response elements [38]. More likely, its participation to adapta-
tion to thermal stress fully depends on posttranslational modiﬁcations
that include at least two cleavages, one by a yet unidentiﬁed protease
that accumulates short OPA1, the other by PARL that produces soluble
OPA1. Noteworthy, when cells are returned to normal temperature,
the soluble OPA1 is already produced and accumulated in the IMS, lead-
ing to the increased levels of OPA1 oligomer. In this respect, it would be
interesting to verify if the upstream cleavage of OPA1 is required for the
generation of soluble OPA1 and for the stabilization of the oligomer.
The mitochondrial function of PARL has been a matter of intense
debate. While mice lacking this protease are affected by mul-
tisystemic apoptosis and Parl−/− cells can be complemented by solu-
ble OPA1 [9], as we mentioned above the consensus that PARL acts via
OPA1 is far from being reached. Other PARL substrates have been
identiﬁed in the Parkinson-associated kinase PINK1 [27] and in the
mitochondrial protease HTRA2 [6], albeit in this latter case following
studies have excluded this possibility [26]. However, whether the
reported in vivo activities of PARL that include the regulation of mito-
chondrial metabolism [10] depend on OPA1 or on PINK1 is unclear
and will require the generation of mouse models where PARL, OPA1
and PINK1 are deleted. The data presented here reinforce the possibil-
ity that OPA1 and PARL are part of the same pathway controlling cris-
tae remodeling, cytochrome c release and apoptosis.
In summary, our data identify a role for the antiapoptotic OPA1/PARL
couple in the regulation of the response to thermal stress, broadening our
knowledge of the processes regulated bymitochondria-shaping proteins.Authors' contributions
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